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The problem of antimicrobial resistance (AMR) is becoming increasingly serious. Bacteria producing
extended spectrum beta-lactamase (ESBL), which can hydrolyze beta-lactam antibiotics, are among the
most important drug resistant bacteria. Rapid AMR analysis methods are essential for identifying antibiotic
resistant bacteria, which is of significant positive value to the clinical therapy of infectious disease. We
developed a platform which integrates a sandwich microfluidic filter device with electrospray ionization
mass spectrometry (ESI-MS). Bacterial cells were loaded in the sandwich microfluidic chip and antibiotic
drugs were injected to pass through the blocked bacterial cells. By online ESI-MS analysis of the antibiotic
drugs and their hydrolysis products, the AMR of the bacteria can be assessed within 30 minutes. Four
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Escherichia coli strains, namely two ESBL-positive and two ESBL-negative, were successfully discrimi-
nated using ampicillin and the third generation cephalosporin ceftriaxone. Considering the simplicity and
high efficiency of the assay, the microfluidic chip integrated online ESI-MS system is promising in the
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Introduction

Antimicrobial resistance (AMR) is a major problem threatening
public safety and inflicting finance damage. The abusive and
excessive usage of antibiotics in medicine," agriculture* and
the food industry® results in and exacerbates this serious situ-
ation. Bacteria resist antibiotics via mainly the following
mechanisms: by synthesizing enzymes to inactivate anti-
biotics,* by reducing the membrane permeability or using
efflux pumps to prevent antibiotics from accessing the target
sites,” by modifying target sites,® and by alternating metabolic
pathways to bypass the action of antibiotics.” Extended spec-
trum beta-lactamase (ESBL) producing bacteria are one impor-
tant class of antibiotic resistant bacteria that synthesize
enzymes to inactivate a number of beta-lactam antibiotics,
including the third generation cephalosporins, such as ceftazi-
dime, cefotaxime, ceftriaxone, etc., leading to serious AMR

“Department of Chemistry, Shanghai Stomatological Hospital, Fudan University,
Shanghai 200000, China. E-mail: liang_giao@fudan.edu.cn

bChanghai Hospital, The Naval Military Medical University, Shanghai 200433,
China

“College of Food Science and Engineering, Shanghai Ocean University, 999 Hucheng
Ring Road, Pudong New District, Shanghai 201306, China

tElectronic supplementary information (ESI) available: Identification and anti-
microbial susceptibility testing results of the clinical isolates. See DOI: 10.1039/
d0an01876g

This journal is © The Royal Society of Chemistry 2021

rapid clinical diagnosis of ESBL-producing bacteria.

problems.®® These antibiotics kill bacteria by impeding the
enzymes required for peptidoglycan formation, thereby inhi-
biting the bacterial cell wall synthesis, which is essential for
maintaining cellular activity.® However, ESBL can make the
antibiotics out of work by hydrolyzing and degrading the
drugs.’ The first ESBL-producing bacterium was found in
Europe in 1983." In the 1980s and 1990s, ESBL-producing
Klebsiella pneumoniae was the main culprit giving rise to noso-
comial infection outbreaks.'® According to the 2019 antibiotic
resistance (AR) threats report, 197 400 estimated cases and
9100 estimated deaths in the United States were triggered by
ESBL-producing Enterobacteriaceae."®> Rapid AMR analysis
methods are essential for identifying antibiotic resistant bac-
teria, and are of significant positive value to the clinical
therapy of infectious disease.

Traditional AMR detection methods include disk diffusion,
broth dilution, and E-test. Disk diffusion, as the “gold stan-
dard”, is simple and cost efficient, however it is influenced by
experimental factors, e.g. pH, temperature, solvent, etc.'* Broth
dilution is laborious and consumes a great amount of
reagents. As for the outcomes, the traditional AMR detection
methods can report false positive results.'”> Moreover, these
methods consume 16 to 24 hours, limiting fast bacterial AMR
analysis and hence delaying the clinical therapy. Molecular
biology techniques, e.g. PCR and loop-mediated isothermal
amplification (LAMP), are fast and sensitive in the detection of
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bacterial antimicrobial resistant genes. However, resistant
genes don’t necessarily express, and thus the correlation
between the bacterial AMR phenotype and the existence of
resistant genes is low.'* Matrix assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
has been widely used for bacterial identification and is also
applied to AMR detection. By comparing the bacterial mass
fingerprints, susceptible and resistant bacterial strains can be
discriminated.'® Proteins expressed by antimicrobial resistant
genes can be detected by MALDI-TOF MS to identify bacterial
AMR."” TiO,-assited laser desorption/ionization MS has been
used to detect bacterial intracellular metabolites to identify
bacterial AMR."® MALDI-TOF MS can also be used to analyze
antibiotic drugs co-cultured with bacteria to assess the bac-
terial susceptibility. For example, by detecting the signal of
meropenem, a carbapenem, carbapenemase-producing bac-
teria can be identified.'® Identification of ESBL-producing bac-
teria has been achieved in a similar way.>’

For fast and high throughput screening of ESBL-producing
bacteria, we combined microfluidic chips and mass spec-
trometry to analyze antibiotic drugs co-cultured with bacteria.
Microfluidics has diverse advantages, e.g. low reagent con-
sumption, high throughput, etc. Compared to traditional AMR
detection methods, analysis on a microfluidic chip is more
convenient, safer and faster. Using microfluidic chips, anti-
microbial susceptibility testing (AST) was achieved within
150 min by detecting the sample capacitance to obtain the bac-
terial cell count in the presence of different concentrations of
antibiotics.”* A droplet based microfluidic chip was used for
rapid Escherichia coli AST by observing the bacterial mor-
phology and cell number.?* Utilizing a 96 cell plate-like micro-
fluidic chip, imaging-based single-cell morphological analysis
(SCMA) was realized for fast AST that showed the same accu-
racy as traditional methods.*?

In this work, we developed a sandwich microfluidic filter
device coupled with electrospray ionization mass spectrometry
(ESI-MS) for on-line rapid detection of ESBL-producing bac-
teria. Bacterial cells were loaded in the sandwich microfluidic
chip and antibiotic drugs were injected to pass through the
bacterial cells. By detecting the intensity of antibiotics and the
corresponding hydrolysis peaks, bacterial AMR analysis could
be accomplished within 30 min. Two strains of ESBL-positive
E. coli and two strains of ESBL-negative E. coli were used as
model samples to illustrate the performance of the method.
Under the treatments of two beta-lactam antibiotics, i.e. ampi-
cillin (AMP) and ceftriaxone (CEF), ESBL-positive E. coli strains
were well distinguished from the ESBL-negative ones.

Results and discussion

A microfluidic filter device with three components, ie. a
holder, two PMMA slices and a piece of polycarbonate (PC)
membrane, was modified from our previously reported micro-
chips that were used for protein sample desalting for on-line
ESI-MS analysis.>* As shown in Fig. 1(A), symmetrical serpen-
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Fig. 1 (A) The whole microfluidic filter device with a holder, two PMMA
slices and a piece of PC membrane (PCM); (B) a PMMA slice with a ser-
pentine channel; (C) a SEM image of the PC membrane.

tine channels were engraved on the two polymethyl methacry-
late (PMMA) slides, which were fixed with the steel holder to
clamp the PC membrane. The serpentine channels were
located in an area of 12 mm x 12 mm on the PMMA slices.
The width of the channels and the distance between two adja-
cent channels were both 500 pm (Fig. 1(B)). The depth of the
channels was 80 pm. The PC membrane had uniform pores
with a diameter of 220 nm and a density of 3 x 10® pores per
cm? (Fig. 1(C)).

Bacteria were cultured overnight and washed with sterile
water twice. The washed bacterial pellets were resuspended in
sterile water (~10° CFU mL™", 30 pL) and loaded into the
microfluidic filter device. During bacterial loading, inlets b
and ¢ were blocked, and the bacterial sample was injected via
inlet a at a speed of 5 uL min '. The bacterial cells were
blocked by the PC membrane, and water was wasted from
outlet d. Then, antibiotic solution was injected into the chip
from inlet a continuously at 5 pL. min~". Outlet d and a syringe
filled with ESI buffer (MeOH, 4% acetic acid) were both con-
nected to a polyethylene terephthalate (PET) microfluidic chip
for on-line ESI-MS analysis*® of the antibiotic drugs and their
hydrolysis products (Scheme 1). The flow rate of the ESI buffer
was equal to that of the antibiotic solution. The mass spectra
of 5 pg mL™* AMP aqueous solution mixed with the ESI buffer
on or off the PET chip are shown in ESI Fig. S1.7 Similar mass
spectra were obtained, indicating that the sample was well
mixed with the ESI buffer in the PET chip for ESI-MS. The
whole bacterial AMR analysis took <30 min. With the micro-
fluidic filter device, the bacterial cells cannot enter the PET
microfluidic chip for ESI, thereby avoiding the influence from
most bacterial components in the analysis of the hydrolysis of
the antibiotic drugs.

Two beta-lactam antibiotics, i.e. AMP and CEF, were uti-
lized. The method was firstly demonstrated with an ESBL-posi-
tive E. coli strain (CH 20160920) clinically isolated by Changhai

Loaded Bacteria

Scheme 1 Schematic diagram of the microfluidic filter device coupled
ESI-MS for on-line detection of bacterial AMR. HV: high voltage.
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hospital. The identification and AST results of the isolate are
shown in ESI Fig. S2, S3, and Table S1.t The mass spectra of
5 ug mL~" AMP before and after being hydrolysed by the ESBL-
positive E. coli strain are shown in Fig. 2A. The peak at m/z =
350 corresponds to protonated AMP ions [AMP + H]". After
passing through the ESBL-positive E. coli loaded microfluidic
filter device, a hydrolysis product of AMP ([AMPpyqy, + H]") was
observed at m/z = 368, Fig. 2B, consistent with the previous

report.”® The absolute intensity of the peak [AMP + H]" of 5 ug
-1

mL™ AMP was close to 30000. After being hydrolysed by
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Fig. 2 (A) Mass spectra of AMP (5 pg mL™) and hydrolysed AMP (5 pg
mL™Y) by E. coli (CH 20160920, 3 x 10° bacterial cells); (B) reaction pro-
cedure of AMP hydrolysed by ESBL. (C) Mass spectra of CEF (5 pg mL™)
and hydrolysed CEF (5 pg mL™) by E. coli (CH 20160920, 3 x 10° bac-
terial cells). (D) Reaction procedure of CEF hydrolysed by ESBL. The red
arrows and the yellow arrows in (A) and (C) point at the hydrolysed pro-
ducts and the antibiotic drugs, respectively.
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ESBL, the intensity of [AMP + H]" reduced to less than 15 000.
At the same time, the signal of [AMPyyqro + H]' increased tre-
mendously and surpassed the signal of [AMP + H]".

Similarly, before the hydrolysis, a strong peak at m/z = 555
was observed for protonated CEF ions [CEF + H]" (Fig. 2C).
After passing through the ESBL-positive E. coli loaded micro-
fluidic filter device, two hydrolysis products of CEF were
observed at m/z = 414 and m/z = 370, corresponding to the loss
of a triazine-thiol group and a CO,, respectively, Fig. 2D.>”>°
As shown in Fig. 2C, the intensity of [CEF + H]" (m/z 555)
decreased from ~5000 to <2000 after the hydrolysis. In con-
trast, the intensity of the peak at m/z = 370 increased dramati-
cally to >4000. From the results, E. coli (CH 20160920) can
hydrolyse both AMP and third generation cephalosporins,
clearly demonstrating that it is an ESBL-producing strain, con-
sistent with the disk diffusion test (Fig. S3 and Table S17).

To demonstrate that the method can be applied to different
strains, four E. coli strains, namely two ESBL-positive (CICC
10663, CH 20160920) and two ESBL-negative (CICC 10661,
ATCC 25922) were further tested. The identification and AST
results of the isolates are shown in ESI Fig. S2, and S3, and
Table S1.f Fig. 3A shows the hydrolysis results of 5 pg mL ™
AMP by the four different strains. Compared to the blank
control wherein no bacteria were loaded into the microfluidic
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Fig. 3 (A) Bar plots of [AMP + H]* (m/z 350) and [AMPyyq4.o + HI* (m/z
368) after passing 5 ug mL™* AMP through the microfluidic filter chip
without any bacteria or loaded with the strain CICC 10661, ATCC 25922,
CICC 10663 or CH 20160920 (3 x 10° bacterial cells each). (B) The
results obtained with 5 ug mL™* CEF. The intensity ratio of hydrolysates/
substrates in different groups was labeled. The error bar shows the stan-
dard deviation from three replicates. The relative standard deviations
(RSD) of the MS signal intensity from a single experiment during the
period of MS signal recording and three replicates are shown in ESI
Table S2.1
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chip, the E. coli strain CICC 10661 and E. coli strain ATCC
25922 hardly hydrolysed any AMP. The weak signal of m/z =
368 for AMP hydrolysis products in the control group was from
the baseline rather than a real MS peak. In contrast, the two
ESBL-positive E. coli hydrolysed AMP obviously. The E. coli
strain CH 20160920 showed the strongest hydrolysis effect
against AMP, wherein the hydrolysis products gave an MS
signal as strong as that of AMP itself.

In order to verify that beta-lactamase is an extended spec-
trum beta-lactamase, a third generation cephalosporin, CEF,
was applied for AMR detection likewise. The result was similar
to that of the analysis using AMP. As shown in Fig. 3B, com-
pared to the blank control, the signals of CEF did not change
significantly after passing through the microfluidic filter
device loaded with E. coli strain CICC 10661 or E. coli strain
ATCC 25922. However, significant hydrolysis of CEF was
observed with E. coli strain CH 20160920 and E. coli strain
CICC 10663. Combining the results in Fig. 3, it is clear that
E. coli strain CH 20160920 and E. coli strain CICC 10663 pro-
duced ESBL, and E. coli strain CH 20160920 has a stronger
AMR compared to the strain CICC 10663, consistent with the
disk diffusion test (Fig. S3 and Table S17).

According to the literature, at least 200 different types of
ESBL enzymes have been identified, e.g. TEM-beta-lactamase,
SHV-beta-lactamase, CTX-M beta-lactamase, etc.*® The pro-
duction of ESBL is due to mutations in the beta-lactamase
encoding genes, such as blargy, or gene mobilization from
other bacteria producing ESBL in the environment.’" Jaen-
Luchoro et al. characterized the ESBL-producing E. coli strain
CCUG 73778 by genomics and proteomics.** They identified
47 potential antibiotic resistance determinant genes localized
on chromosomes, including 17 efflux pump or transport
protein encoding genes and the beta-lactamase encoding gene
ampC. Ma et al. studied the differences between 10 ESBL-pro-
ducing and 10 susceptible E. coli strains and revealed potential
mechanisms by combining proteomics and metabolomics.?
They found that the purine metabolism pathway showed a
high enrichment in ESBL-E. coli and might participate in the
antibiotic resistance. Consequently, the phenotype of anti-
biotic resistance by ESBL-producing strains can be from a com-
bined effect of multiple genes. Herein, the strains CH
20160920 and CICC 10663 showed strong hydrolysis of AMP
and CEF, indicating possibly that the two strains could express
a high amount of ESBL with high activity.

To study the relationship between the hydrolysis efficiency
and reaction time, different flow rates of antibiotics were set to
control the reaction time. The microfluidic filter chip was
loaded with 3 x 10° E. coli strain CH 20160920 bacterial cells.
As shown in Fig. 4, as the flow rate increased from 3 pL min™"
to 10 pL min™", the reaction time gradually decreased, leading
to a lower hydrolysis efficiency. When the flow rate was 5 pL
min~', the intensity ratio of AMPp,/JAMP was 1.02 on
average. As the flow rate was reduced to 3 pL min~", the hydro-
lysis efficiency was not significantly improved. To balance the
analysis time and analysis sensitivity, a flow rate of 5 uL min ™"
was chosen for this study.
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Fig. 4 Intensity ratio of AMPyyqo/AMP at different flow rates (3, 5, 7,
10 pL min™) of antibiotics to pass through the microfluidic chip loaded
with 3 x 108 E. coli strain CH 20160920 bacterial cells. The error bar
shows the standard deviation from three replicates.
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Fig. 5 Bar plots of [AMP + H]* and [AMPy,,4, + HI* after passing 5 pg
mL™" AMP through the microfluidic filter chip loaded with different
numbers of E. coli strain CH 20160920 bacterial cells (0, 3 x 10%, 3 x 10°
and 3 x 10°). The intensity ratio of hydrolysates/substrates in different
groups was labeled. The error bar shows the standard deviation from
three replicates.

To assess the sensitivity of the method, different amounts
of E. coli strain CH 20160920 (0, 3 x 10*, 3 x 10°> and 3 x 10°
cells) were loaded into the microfluidic filter chip. As shown in
Fig. 5, it is clear that the intensity of [AMP + H]" gradually
decreased as the bacterial count increased from 3 x 10" to 3 x
10° cells. Meanwhile, the intensity of [AMPhyar, + H]' was
increasing. Compared to the blank control, there was a signifi-
cant difference in the MS signals of both AMP and its hydro-
lysis products when the number of bacterial cells was lowered
to 3 x 10* in the microfluidic filter chip. A lower bacterial
count would lead to no significant signal change. It is possible
to achieve a higher sensitivity in bacterial AMR detection using
a stop-flow strategy, where antibiotic solution is filled in the
microfluidic filter chip and maintained with the bacterial cells
for a certain period of time.

Conclusions

We have developed microfluidic filter device coupled ESI-MS
for rapid bacterial AMR analysis. On the basis of antibiotic

This journal is © The Royal Society of Chemistry 2021
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hydrolysis, ESBL-positive E. coli and ESBL-negative E. coli were
successfully discriminated by the platform. Compared with tra-
ditional methods, our assay is rapid and accurate. The whole
volume, including the channels in the PMMA chip, connection
microtubes between PMMA and PET chips, and channels in
the PET chip, was about 50 uL. At the speed of 5 pL min™", it
took only ~10 min from the antibiotic drug loading to MS
signal generation for bacterial AMR detection. On adding the
time of bacteria loading (6 min) and assembling the PMMA
chip, the whole analysis time was <30 min. Such an assay can
be run in parallel to achieve a higher throughput and can be
applied to other classes of drug resistant bacteria, e.g. carbape-
nemase-producing bacteria. Consequently, it has the potential
to be applied in rapid AMR analysis for clinical usage.

Experimental
Chemicals and materials

A polycarbonate membrane (220 nm) was purchased from
Wuwei Kejin Xinfa Technology Co., Ltd (Lanzhou, China).
Ampicillin sodium (AMP) was from Sungon Biotech Co., Ltd
(Shanghai, China). Ceftriaxone sodium (CEF) was from CNW,
ANPEL Laboratory Technologies Inc. (Shanghai, China).
Methanol (MeOH, HPLC grade) and acetonitrile (CH3;CN,
HPLC grade) were from Merck (Darmstadt, Germany).
Trypticase soy broth (TSB) was from Beijing Land Bridge
Technology CO., Ltd (Beijing, China). Trifluoroacetic acid
(TFA) and o-cyano-4-hydroxycinnamic acid (HCCA) were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). Acetic acid
(AR) was from Titan Scientific Co., Ltd (Shanghai, China). Test
papers for the microbial susceptibility test were from Bio-Kont
(Wenzhou, China). The E. coli strain CH 20160920 was from
Changhai hospital in Shanghai, China. The E. coli strain CICC
10663 and strain CICC 10661 were from the China Center of
Industrial Culture Collection (CICC, Beijing, China). The
E. coli strain ATCC 25922 was from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The ultrapure water
(18.2 MQ cm) used in all experiments was obtained from a
Super-Genie E 125 water system (RephilLe Bioscience,
Shanghai, China). All chemicals were used as received without
further purification.

Microfluidic chip design and fabrication

The PMMA microchip and stainless-steel holder were fabri-
cated by Wenhao Co., Ltd (Suzhou, China).>* The PET chip for
ESI-MS was with three channels, 100 pm in width and 50 pm
in depth, as shown in ESI Fig. S4.1 The structure was designed
by AutoCAD. To fabricate the chip, a piece of PET slice was
engraved using a laser engraving machine (Han’s Laser,
Guangdong, China).>* After being engraved, one channel was
filled with electric carbon paste to work as an electrode for
ESI. Then, the PET slice was laminated with a laminating film.
One of the other two channels in the PET chip was connected
with the microfluidic filter device. The last channel was used
to inject the ESI buffer (MeOH, 4% acetic acid) to assist in ESI.
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ESI-MS analysis

The antibiotic drugs flew through the PC membrane, passed
the PET chip, and finally were ionized by ESI for MS analysis
using a linear ion trap mass spectrometer (LTQ, Thermo
Fisher Scientific, USA). The mass spectrometer was run in the
positive mode with the instrumental parameters optimized as:
3.7 kV electrospray voltage, 275 °C capillary temperature, 19 V
capillary voltage, 55 V tube lens voltage, 3 microscans and
100 ms max injection time. The scan range was from 50 to
2000 Da.

MALDI-TOF MS identification of bacterial isolates

Four E. coli strains (CH 20160920, ATCC 25922, CICC 10661
and CICC 10663) were cultured overnight. For each bacterial
sample, 1 pL of solutions containing ~10° bacterial cells after
being washed with sterile water was deposited on a well of a
MALDI target plate. After solvent evaporation, 1 pL of 10 mg
mL~" HCCA matrix dissolved in 50% CH5CN, 47.5% H,O and
2.5% TFA was added to the same well. The dried samples were
analyzed by MALDI-TOF MS (Clin-TOF-1I, Bioyong Technology
Co. Ltd, Beijing, China) in linear positive mode with the opti-
mized instrumental parameters (laser type: free-hand; laser
firing power: 95; profiles: 26; shots: 20; laser rep rate: 40 Hz;
ion gate: 3000 Da; pulsed extraction optimized at: 6000 Da)
and the m/z range of 3000-12 000. E. coli (8739) was used as
the calibration sample. The identification of the isolates was
realized by searching the obtained MALDI-TOF MS mass
spectra against a built-in library using BioExplorer (v3.2,
Bioyong Technology Co. Ltd, Beijing, China).

Antimicrobial susceptibility testing of bacterial isolates

Four E. coli strains (CH 20160920, ATCC 25922, CICC 10661
and CICC 10663) were cultured overnight. For each bacterial
sample, a bacterial suspension (~1.5 x 10 CFU mL™") in water
was dipped with sterile cotton swabs and spread on Mueller-
Hinton (MH) agar plates uniformly. Two groups of tablets
including cefotaxime (CTX) and cefotaxime/clavulanic acid
(CTC), and ceftazidime (CAZ) and ceftazidime/clavulanic acid
(CAC) were put on the MH plates and cultured under 37 °C for
18 to 24 h. By measuring and comparing the diameter of the
bacterial inhibition ring of these two groups of tablets, ESBL
producing strains could be determined.
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